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In the emerging field of cavity optomagnonics, photons are coupled coherently to magnons in solid-
state systems. These new systems are promising for implementing hybrid quantum technologies.
Being able to prepare Fock states in such platforms is an essential step towards the implementation
of quantum information schemes. We propose a magnon-heralding protocol to generate a magnon
Fock state by detecting an optical cavity photon. Due to the peculiarities of the optomagnonic
coupling, the protocol involves two distinct cavity photon modes. Solving the quantum Langevin
equations of the coupled system, we show that the temporal scale of the heralding is governed by
the magnon-photon cooperativity and derive the requirements for generating high fidelity magnon
Fock states. We show that the nonclassical character of the heralded state, which is imprinted in the
autocorrelation of an optical “read” mode, is only limited by the magnon lifetime for small enough
temperatures. We address the detrimental effects of nonvacuum initial states, showing that high
fidelity Fock states can be achieved by actively cooling the system prior to the protocol.
I. INTRODUCTION
Hybrid systems play an important role in the ongoing
development of quantum technologies, for example as in-
terfaces between different types of information carriers
and between storage and transmission lines [1]. A new
exciting development in this area is the recently demon-
strated possibility of coherently coupling photons to col-
lective magnetic excitations (magnons) in magnetically
ordered solid-state systems, both for microwave [2–4] and
optical photons [5, 6]. In these systems, the spin-photon
coupling is enhanced due to the collective character of the
magnetic excitations, as well as by the usage of a cavity
for the photons. Applying an external magnetic field al-
lows one moreover to tune the frequency of the magnonic
excitations. This has been used to bring magnon modes
in resonance with photons in a microwave cavity, which
allowed for the observation of strong coupling between
magnons and photons [2–4, 7, 8]. In turn, this coupling
has been used for engineering the indirect interaction be-
tween the magnons and a superconducting qubit [9, 10].
The coherent interaction between solid-state magnons
and optical photons has been observed recently in Bril-
louin light scattering experiments in yttrium-iron-garnet
(YIG) optical cavities [5, 6, 11–14], and theoretically
studied [15–19]. In this framework, the solid-state system
is both the host of the magnetic excitations and the cavity
supporting the photons. The origin of the optomagnonic
coupling is the Faraday effect, in which the light which
propagates in a magnetized material has its polarization
rotated [20]. In contrast to the microwave regime, optical
photons and magnons couple parametrically [15, 16].
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Figure 1: Proposed setup for the magnon heralding proto-
col. Two optical modes aˆ1 and aˆ2 are coupled to a magnon
mode mˆ via the optomagnonic interaction G−12aˆ
†
1aˆ2mˆ
† + h.c..
Each mode can be individually driven externally, in order to
“write” a magnon Fock state by measuring one photon and
subsequently “read” it.
An important part in engineering quantum devices
is state preparation. In this manuscript, we propose
a heralding protocol in a cavity optomagnonic system
in which a magnon Fock state is created by the mea-
surement of an optical photon. Apart from their in-
terest for quantum information processing [21], magnon
Fock states are collective excitations involving millions of
spins, and the heralding protocol can be used as a prepa-
ration step to probe quantum mechanics in macroscopic
systems. Heralding protocols are often proposed in the
context of hybrid systems coupled to light, inspired by
the DLCZ protocol [22]. The method relies on generat-
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2ing an entangled state of a given system of interest and
light, which is projected to a desired configuration once
a photon is measured. Heralding was originally proposed
to generate entanglement between collective excitations
in atomic clouds and was further translated to other sys-
tems, for example for preparing single phonon Fock states
in optomechanics [23–25], or to prepare atomic states in
cold-atoms experiments [26–30]. In our case, due to the
peculiarities of the optomagnonic coupling, the herald-
ing protocol involves two photon modes and one magnon
mode, as depicted schematically in Fig. 1. The protocol
consists of two phases: write and read, each implemented
with light pulses. In the write phase, correlated pairs of
magnons and photons are created, and the measurement
of a photon collapses the state of the system to a magnon
Fock state. The read phase maps the heralded excitation
to a photon which can be further probed or used for other
purposes.
We present an analytical analysis of the proposed pro-
tocol and study its feasibility in cavity optomagnonic
solid state systems. We show that the probability of
heralding a magnon Fock state can be in line with the ex-
perimentally measured heralding probability in optome-
chanical experiments [25, 31] and in cold atoms exper-
iments [29, 32, 33], provided cooperativities of the or-
der of 10−2 can be achieved. The read photon field is
a witness of heralding, exhibiting non classical counting
statistics for a successfully heralded magnon state. If
the strong-coupling regime is reached, Rabi oscillations
take place, allowing for an efficient conversion between
the heralded magnon state and the read photon field.
We moreover study the dependence of the protocol on
the initial state of the system and derive cooling require-
ments. Our results show that, although the heralding
protocol is highly susceptible to deviations of the initial
state from the magnon vacuum, a high fidelity heralded
single-magnon Fock state can be achieved through an
efficient initial cooling of a thermal magnon state. We
complement our analytical results based on square light
pulses, with numerical results for Gaussian pulses.
The manuscript is organized as follows. In Sec. II we
present the model based on a linearized optomagnonic
Hamiltonian. In Sec. III we describe the heralding pro-
tocol and show the temporal constraints imposed by both
magnon and photon linewidths. Sec. IV is devoted to the
analytical analysis of the dynamics of the system based
on the linear quantum Langevin equations. In Sec. V we
present the results and analyze the impact of the initial
state on the protocol, deriving the cooling requirements.
Finally we present our conclusions and future perspec-
tives. Details of the calculations and numerical results
for the protocol involving Gaussian beams are presented
in the Appendixes.
II. MODEL
The coupling between light and magnetization in a
Faraday-active material manifests itself in a modification
of the electromagnetic energy by the term [20]
U¯ = −iθFλn
4pi
ε0ε
∫
drM(r, t) · [E∗(r, t)×E(r, t)] , (1)
where M(r, t) is the magnetization of the material in
units of the saturation magnetization, and the complex
representation of the electric field is used. The material-
specific constant θFλn/2pi is given in terms of the Fara-
day rotation angle θF per wavelength λn in the mate-
rial with relative permittivity ε, and ε0 is the vacuum
permittivity. The optomagnonic coupling can also have
a contribution from the Cotton-Mouton effect (or mag-
netic linear birefringence) [15, 20]. For simplicity we do
not consider this contribution, since its main effect con-
sists on a renormalization of the coupling constants and
does not affect our results.
The optomagnonic Hamiltonian, describing the inter-
action between magnons and optical photons, is obtained
by quantizing Eq. (1) [16, 19]. For this purpose we con-
sider that the material acts as an optical cavity and we
quantize the electromagnetic field in terms of creation
an annihilation operators of its eigenmodes E(r, t) →
Eˆ(+)(r, t) =
∑
iEi(r)aˆi(t) and E
∗(r, t) → Eˆ(−)(r, t) =∑
iE
∗
i (r)aˆ
†
i (t). The spin wave part of the magnetization
M(r, t) is described by fluctuations m(r, t) on top of a
ground state mS(r),
M(r, t) = mS(r) +m(r, t). (2)
In the limit of small deviations |m|  1, we can treat
the fluctuations as harmonic oscillators and quantize the
fieldm(r, t)→ mˆ(r, t) akin to the quantization of lattice
vibrations (phonons) [34]
mˆ(r, t) =
∑
k
[
mk(r) mˆk e
−iΩk t +m∗k(r) mˆ
†
k e
iΩk t
]
,
(3)
where k labels the magnon modes with frequency Ωk
and the creation and annihilation operators satisfy the
bosonic commutation relations [mˆk, mˆ
†
k′ ] = δk k′ and
[mˆk, mˆk′ ] = [mˆ
†
k, mˆ
†
k′ ] = 0. This quantization procedure
gives the optomagnonic Hamiltonian
Hˆ =
∑
i
~ωiaˆ†i aˆi +
∑
k
~Ωkmˆ†kmˆk
+ ~
∑
i,j,k
aˆ†i aˆj(G
+
ijkmˆk +G
−
ijkmˆ
†
k), (4)
with the first and second terms corresponding to the non-
interacting part of, respectively, the photon and magnon
field dynamics. The couplings G+ijk = (G
−
jik)
∗ are given
by [19]
G+ijk =
θFλn
4pii~
ε0ε
∫
V
d3rmk(r) ·E∗i (r)×Ej(r) . (5)
3The interacting part of Eq. (4) describes a process in
which one photon in a mode j is annihilated creating a
photon in the mode i and a magnon in the mode k, and
the complementary process in which a magnon k and a
photon j are annihilated creating a photon i.
In the following we will consider the case in which two
non-degenerate photon modes interact with one magnon
mode; see Fig. 1. This is valid, for example, for recent ex-
periments with YIG spheres [11–14, 17, 18]. In this case,
the photon modes would correspond to counter propagat-
ing whispering gallery modes (WGM) of the optical field.
These possess different polarizations due to spin-orbit
coupling and are nondegenerate due to geometric bire-
fringence. We describe the coupled magnon-photon dy-
namics via a linearized optomagnonic Hamiltonian. Note
that the linearization is twofold: we consider the fluctu-
ations of the photon fields around their steady-state val-
ues, and of the magnon field around a magnetic ground
state as given by Eqs. (2) and (3) and already used to
write Eq. (4). The linearized Hamiltonian in the resolved
sideband regime is given by (see Appendix A)
Hˆtot = ~α∗1aˆ2
[
G+12mˆe
i(∆2−Ω)t +G−12mˆ
†ei(∆2+Ω)t
]
+ ~α2aˆ†1
[
G+12mˆe
−i(∆1+Ω)t +G−12mˆ
†e−i(∆1−Ω)t
]
+ h.c., (6)
where we have labeled the photon modes as 1 and 2,
∆i = ωL − ωi (i = 1, 2) are the detunings between the
laser frequency and the respective mode frequency, and
αi = − ii∆i−κi2 , with i = ~
√
2κiPi
~ωL depending on the
driving laser power Pi and on the coupling between the
pumped mode and the fiber κi. At resonance, ∆i = 0 and
αi is directly related to the laser power through i and,
consequently, to the average number of photons inside
the cavity.
The optomagnonic coupling in solid state systems is
subject to the usual energy conservation requirements,
ωi = ωj ± Ωk, and also to selection rules involving con-
servation of angular momentum [11–14, 17, 18]. We con-
sider that the selection rules manifest themselves as a
coupling asymmetry G−12  G+12 ∼ 0, meaning that the
creation and annihilation processes are unbalanced with
respect to the modes involved. This nonreciprocity be-
tween processes involving different polarizations has been
observed in YIG spheres, reflected in an asymmetry in
the Stokes and anti-Stokes lines in Brillouin light scat-
tering experiments [11–13, 18]. In a setup in which light
propagates perpendicularly to the saturation magnetiza-
tion, the non reciprocity in the couplings can be further
modified by the inclusion of the Cotton-Mouton effect
terms, which does not modify the selection rules [17].
Due to this asymmetry, the only two possible processes
are a creation of a photon in mode 2 through the anni-
hilation of a photon in mode 1 and a magnon, and the
complementary process. The optomagnonic Hamiltonian
mˆ
aˆ1 aˆ2
mˆ
aˆ2G˜R
i ✏1(aˆ1e
i!Lt + aˆ†1e
 i!Lt)
mˆ
aˆ1 G˜W
i ✏2(aˆ2e
i!Lt + aˆ†2e
 i!Lt)
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Figure 2: Illustration of the different interactions used for
heralding. When mode 2 is driven at resonance ωL ∼ ω2 =
ω1 + Ω, α1 = 0, and mode 1 couples with the magnon mode
with strength G˜W = α∗2G+21, where α2 depends on the power
of the pumping laser. Instead, if mode 1 is pumped then
ωL ∼ ω1 = ω2−Ω, α2 = 0, and the interaction between mode
2 and the magnon mode is driven with an enhanced coupling
G˜R = α
∗
1G
−
12.
Eq. (6) then reads
Hˆtot = ~G−12m
†eiΩt(α∗1aˆ2e
i∆2t +α2aˆ
†
1e
−i∆1t) + h.c., (7)
which contains two resonances: (i) ∆1 = Ω, driven by
pumping mode 2, and (ii) ∆2 = −Ω, driven by pumping
mode 1. Those resonances are schematically depicted in
Fig. 2 [note that
(
G−12
)∗
= G+21 ]. The write and read
phases of the heralding protocol are thus implemented
by driving these interactions.
III. PROTOCOL
We now proceed to detail the heralded write-and-read
protocol, depicted schematically in Fig. 3. Starting from
Eq. (7), by pumping the optical mode 2 at resonance,
ωL ∼ ω2 = ω1 + Ω and therefore ∆1 = Ω. Since mode 1
is not driven, α1 = 0 and the Hamiltonian from Eq. (7)
reads
Hˆ → HˆW = ~(α∗2G+21aˆ1mˆ+ α2G−12aˆ†1mˆ†), (8)
which is a two-mode parametric amplifier between the
magnon mode and the cavity mode 1. If the evolution un-
der Eq. (8) takes place for a period T  |α2G−12|−1, and
disregarding thermal effects for now, an initial ground
state |ψ0〉 = |0〉a1 ⊗ |0〉a2 ⊗ |0〉m evolves to
|ψW (T )〉 ' |0〉a1 |0〉a2 |0〉m − (iα2G
−
12T )|1〉a1 |0〉a2 |1〉m√
1 + |α2G−12|2T 2
4and |α2G−12|2T 2/
(
1 + |α2G−12|2T 2
)
= p1 is the probabil-
ity for a pair of excitations to be created by HˆW. A
projective measurement of a photon in mode 1 collapses
the state to a single-magnon state with small probability
p1. We refer therefore to HˆW as the “write” Hamiltonian.
We can also turn our system into a “reading mode”
by driving instead the optical mode 1 with ωL ∼ ω1 =
ω2 −Ω. In this case, ∆2 = −Ω and the driven resonance
of Eq. (7) is
Hˆ → HˆR = ~(α∗1G−12aˆ2mˆ† + α1G+21aˆ†2mˆ), (9)
a beam-splitter interaction between the magnon mode
and the cavity mode 2. Such dynamics drives magnon-
photon oscillations with frequency |α1G−12|, mapping the
excitation in the magnon mode to a photon excitation in
mode 2. In the weak-coupling regime |α1G−12| is smaller
than the cavity linewidth κ, and the oscillations are sup-
pressed by the photon decay. Otherwise, in the strong
coupling regime |α1G−12| > κ the magnon-photon oscilla-
tions allow the read out of the heralded state. Consid-
ering Eqs. (8) and (9), the magnon heralding protocol
is implemented as follows: first the system is prepared
near its ground state. By driving mode 2 at resonance,
the parametric amplifier Hamiltonian Eq. (8) is tuned,
generating correlated pairs of write mode photons and
magnons. For weak coupling, the measurement of a sin-
gle photon will collapse the system to a single magnon
state with probability p1. After an interval without driv-
ing, the read Hamiltonian Eq. (9) is tuned by driving
the mode 1 at resonance, transferring magnons to read-
mode photons. This reading step requires stronger cou-
pling between the magnon and the photon mode, which
can be achieved by increasing the pumping laser power
encoded in α1, and which is limited by the number of
photons supported by the cavity. The read-photon state
can be probed via interferometric techniques, certifying
the nonclassicality of the heralded state. The protocol
is depicted in Fig. 3 with the frequency scheme of the
write and read modes needed for the implementation.
We emphasize that, since the considered optomagnonic
coupling connects two distinct optical modes, the interac-
tion between the magnon mode and a given optical mode
is always driven by pumping the other optical mode.
To end this section we comment briefly on the proto-
col requirements. Since the laser pulse is limited by the
cavity linewidth, the spectral width of the write pulse
needs to be narrower than the cavity linewidth. More-
over, assuming that the magnon mode with a linewidth γ
interacts with a bath characterized by a mean number of
excitations nTh, to avoid thermalization of the heralded
magnon state one must impose an interval between write
and read pulses Toff < 1/nThγ. Therefore, the total time
between the beginning of the protocol and the start of
the read pulse TW + Toff needs to satisfy [23]
1/κ < TW + Toff < 1/nThγ. (10)
The above protocol is akin to the one proposed and im-
plemented in optomechanical systems to generate single-
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Figure 3: Depiction of the heralding protocol and the write
and read modes scheme. The write mode is turned on by
pumping mode 2 at resonance for a period TW. A single
magnon Fock state is post-selected by the measurement of a
write photon at tm. After an off period Toff the read mode is
turned on by pumping mode 1 at resonance.
phonon states and to herald entanglement [23–25], and to
the one used in cold atoms systems [28–30]. The necessity
of using two different photon modes is a characteristic of
the optomagnonic system, and could be used in a similar
fashion to the polarization dependent transition of cold
atoms to engineer nonreciprocal devices [35–38].
IV. ANALYTICAL ANALYSIS
The dynamics of the creation and annihilation oper-
ators under the write and read dynamics is described
through linear quantum Langevin equations (QLE). The
QLE under the dynamics of the write Hamiltonian
Eq. (8) are
daˆ†1
dt = iG˜Wmˆ− κ12 aˆ†1 +
√
κ1(aˆ
in
1 )
†,
dmˆ
dt = −iG˜∗Waˆ†1 − γ2 mˆ+
√
γmˆin,
daˆ2
dt = −κ22 aˆ2 +
√
κ2aˆ
in
2 ,
(11)
where G˜W = α∗2G
+
21 is the cavity enhanced photon-
magnon coupling, γ is the magnon linewidth determined
by the Gilbert damping coefficient of the material αGilbert
[39], and κ1,2 are the cavity photon linewidths. We de-
scribe the open dynamics of the system through noise
operators [40]. For the optical modes, aˆin1,2 describe vac-
uum fluctuations and the noise correlation function is
given by
〈aˆini (t)(aˆini )†(t′)〉 = δ(t− t′), (12)
〈(aˆini )†(t)aˆini (t′)〉 = 0. (13)
In turn, we assume that the magnon mode is coupled to
a magnon thermal bath with mean number of quasipar-
5ticles nTh described by the thermal noise operator mˆin
satisfying
〈mˆin(t)(mˆin)†(t′)〉 = (nTh + 1)δ(t− t′), (14)
〈(mˆin)†(t)mˆin(t′)〉 = nThδ(t− t′). (15)
The mean number of magnons in the thermal bath
nTh and its temperature are related through the Bose-
Einstein distribution nTh = (exp (~Ω/kBT )− 1)−1.
Similarly for the read Hamiltonian (9), with G˜R =
α∗1G
−
12, 
daˆ†1
dt = −κ12 aˆ†1 +
√
κ1(aˆ
in
1 )
†,
dmˆ
dt = −iG˜Raˆ2 − γ2 mˆ+
√
γmˆin,
daˆ2
dt = −iG˜∗Rmˆ− κ22 +
√
κ2aˆ
in
2 .
(16)
A schematic depiction of the linearization process is pre-
sented in Fig. 2. The solutions of Eqs. (11) and (16)
have the form (for X =Write, Read)
Aˆ(t) = UX(t) · Aˆ(0) +
∫ t
0
dτUX(t− τ) · Nˆ(τ), (17)
where
Aˆ =
 aˆ†1mˆ
aˆ2
 , Nˆ =
 √k1(aˆin1 )†√γmˆin√
k2aˆ
in
2
 , (18)
and the evolution matrices UWrite(t) and URead(t) can be
found analytically (see Appendix B). From now onwards
we also assume κ1 = κ2 = κ.
For γ  κ it is possible to retrieve the explicit state
conditioned to the measurement of a write photon, by
adiabatically eliminating the cavity dynamics together
with considering suitably defined temporal modes (see
Ref. [23]). For the material of choice in current exper-
iments, YIG, the Gilbert damping parameter αGilbert ≈
10−4 [41], which is considered to be quite low compared
to other magnetic materials. For magnon frequencies in
the GHz range, γ ∼MHz while the WGM linewidth κ
can be of the order of GHz for the resonators used in
current experiments [6]. Although the relative magnon
linewidth γ/κ in this case is small, thermalization pro-
cesses are important for several applications, e.g., in the
design of quantum memories [42]. Moreover, for cavi-
ties of reduced size, in which the optomagnonic coupling
could be enhanced [16], detrimental effects on the quality
factors for the optical fields due to both YIG patterning
and confinement effects are expected [19]. We therefore
take into account both magnon and photon thermaliza-
tion processes and consider the full treatment described
above in terms of QLEs.
We set the initial conditions such that the state of the
system at the beginning of the protocol ρ(t = 0) cor-
responds to the vacuum of both photon modes, plus a
magnon thermal state with n0 magnons:
ρ(t = 0) = |0〉〈0|1 ⊗ |0〉〈0|2 ⊗ ρTh,m,
ρTh,m =
1
1 + n0
∑
n≥0
[
n0
1 + n0
]n
|n〉〈n|. (19)
This state can be prepared as an equilibrium state with
the environment, in which case n0 = nTh [see Eq. (14)],
or by actively cooling, in which case n0 is smaller than
nTh. In our proposed setup, the latter can be realized
by driving the read Hamiltonian Eq. (9) with a pump
parameter αC (related to the laser cooling power) from a
state initially in equilibrium with the environment, until
the system reaches a new thermalized steady state with
n0 < nTh. The dissipative evolution will drive the system
to a thermal state with mean number of magnons n0
given by (see the Appendix B)
n0 =
γnTh
(κ+ γ)
(
1 +
κ
γ(1 + 4α2C C)
)
, (20)
where C = (G−12)
2/κγ is the single-photon cooperativity
between magnons and aˆ2 photons. The above cooling
formula is valid under the linear Hamiltonian regime. For
γ  κ and α2CC  1, this formula is equivalent to the
one derived by Sharma et al. in Ref. [43], not taking into
account possible heating channels. For 4α2CC  1, the
known result for strong coupled optomechanical systems
is recovered [44].
With the complete dynamics of the creation and anni-
hilation operators given by Eq. (17) and the initial condi-
tions set by Eq. (19), we now proceed to characterize the
heralding protocol in terms of expectation values of op-
erators involving aˆ(†)1,2 and mˆ
(†). The probability of mea-
suring a photon during the write pulse can be retrieved
via Mandel’s formula [40]
P1,W(t) = 〈: aˆ†1aˆ1 exp(−aˆ†1aˆ1) :〉 ∼ 〈aˆ†1aˆ1〉 − 〈aˆ†1aˆ†1aˆ1aˆ1〉 (21)
=
1
8
− 1
8
[
1− 64 G˜
2
W
F 2W
[
(1 + n0) sinh
2
(
t
4
FW
)
e−
κ+γ
2 t +
γ(1 + nTh)F(t)
(κ+ γ)[(κ+ γ)2 − F 2W]
]]2
,
6where FW =
√
(κ− γ)2 + 16G˜2W and F(t) is given by
F(t) =
(
1− e−κ+γ2 t
)
F 2W − e−
κ+γ
2 t(κ+ γ)
[
FW sinh
(
t
2
FW
)
+ 2(κ+ γ) sinh2
(
t
4
FW
)]
.
Equation (21) is a good approximation as long as
〈aˆ†1aˆ†1aˆ†1aˆ1aˆ1aˆ1〉  〈aˆ†1aˆ†1aˆ1aˆ1〉. The temporal evolu-
tion is given in terms of two time scales [ (κ+γ)±FW2 ]
−1,
which are controlled by the cooperativity C˜W =
G˜2W
κγ . If
FW < (κ+γ), corresponding to C˜W < 1/4, the dynamics
under the write pulse will drive the system to a steady
state with a finite number of magnons and photons. Oth-
erwise, if the cooperativity C˜W > 1/4, the number of ex-
citations in the system will grow exponentially in time.
In the latter case, the dynamics will drive the system
to a state with a high number of excitations in a short
time interval. Hence, for the write phase a regime such
that C˜W < 1/4 should be aimed to, in order to keep
P1,W(t) and the mean number of photons and magnons
small enough.
After the measurement (AM) of one write photon at
tm, the expectation value of a given observable Xˆ(t) reads
〈Xˆ(t)〉AM = 〈aˆ
†
1(tm)Xˆ(t)aˆ1(tm)〉
〈a†1(tm)a1(tm)〉
, (22)
which can be used to compute, for instance, the mean
number of magnons in the heralded state nhm =
〈mˆ†(tm)mˆ(tm)〉AM. This is a heuristic model for the mea-
surement used to study single photon sources and herald-
ing [45]. A more accurate description of the photon mea-
surement process can be given in terms of a stochastic
model [46], but this is beyond the purpose of this work.
If a single magnon was successfully generated in the write
phase, the read-photon field will be antibunched exhibit-
ing a very low probability of a double photon measure-
ment at a given instant. The (normalized) second-order
correlation function of the read mode is given by
g
(2)
Read(t, t+ τ) =
〈aˆ†2(t)aˆ†2(t+ τ)aˆ2(t+ τ)aˆ2(t)〉AM
〈aˆ†2(t)aˆ2(t)〉AM〈aˆ†2(t+ τ)aˆ2(t+ τ)〉AM
.
(23)
If the read photon is antibunched then the zero delayed
correlation function fulfills g(2)Read(0) ≡ g(2)Read(t, t) < 1,
and g(2)(t, t + τ) ≥ g(2)(t, t). On the other hand,
for a thermal state g(2)Read(t, t) = 2 [47]. Experimen-
tally, the second order correlation functions are mea-
sured via Hanbury-Brown-Twiss interferometry, a pro-
cedure also adopted for characterizing optomechanical
heralding [24, 25].
V. RESULTS
We now proceed to quantify the results of the write and
read protocol presented in the previous section. Follow-
ing the parameters in current YIG-based optomagnonic
systems, we set γ/κ = 10−2 corresponding to γ ∼ MHz
and κ ∼ 0.1 GHz [6]. We also fix the time of the mea-
surement at the end of the write pulse: tm = TW = 10−7
s ∼ 0.1/γ and Toff = TW/2 = 0.05/γ, therefore satisfy-
ing the requirements imposed by Eq. (10). The temporal
width TW adopted here for our calculations follows the
one used in optomechanical heralding implementations
(e.g., Ref. [25]).
A. Write Phase
For the write phase two quantities are specially im-
portant: (i) the probability of measuring a write pho-
ton given in Eq. (21), which characterizes the proba-
bility of a heralding event, and (ii) the mean number
of magnons nhm after the measurement of a write pho-
ton. The value nhm ∼ 1 indicates the successful gener-
ation of a one-magnon Fock state. The probability of
measuring a write photon P1,W at time tm is depicted
in Fig. 4 (upper plot) together with the corresponding
mean number of magnons in the heralded state nhm (bot-
tom plot) as a function of the cooperativity of the write
pulse C˜W. We considered different values of the magnon
bath temperature, encoded in the parameter nTh, and
we took the initial state of the system as the vacuum
state (n0 = 0). One sees that the probability of mea-
suring one write photon grows linearly with the coopera-
tivity C˜W for the timescales considered, and it is weakly
sensitive to the magnon temperature due to the small
optomagnonic coupling. In contrast, the mean value of
heralded magnons is almost independent of the coopera-
tivity for C˜W . 10−2 (see bottom panel, Fig. 4), whereas
it has a relatively strong dependence on the bath tem-
perature (see Appendix C). This behavior is due to an
interplay between the optomagnonic coupling strength
and the temporal width of the write pulse. For example,
for shorter write pulses, nhm is independent of C˜W up to
larger values of C˜W. As expected, the higher the temper-
ature of the magnon bath, the higher the mean number
of magnons in the heralded state.
We can qualitatively understand the dependence of
P1,W on nTh by noticing that, since the optomagnonic
coupling is small, the probability of a photon to be scat-
tered by a magnon will depend only weakly on nTh. The
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Figure 4: Probability P1,W of measuring one write photon at
time tm (top) and mean number of magnons nhm after the
measurement of a write photon (bottom) as a function of the
cooperativity C˜W and mean number of thermal magnons nTh.
P1,W(tm) is approximately linear with C˜W, while nhm is only
weakly sensitive to it for C˜W . 10−2. Although larger cooper-
ativities enhance the probability of measuring a photon, there
is a detrimental generation of more than one magnon indicat-
ing an imperfect Fock state. The shaded region indicates a
combination of parameters for which a good one-magnon Fock
state is generated while keeping the heralding probability ap-
preciable. Temporal settings as given in the main text.
same is true for understanding the dependence of nhm
on the cooperativity: since the optomagnonic coupling
is small, the magnon dynamics for time scales compara-
ble to γ−1 will be influenced primarily by the interaction
with the thermal bath.
Although an enhancement in the cooperativity C˜W will
improve the heralding probability, a detrimental effect is
the generation of more than one magnon. There is there-
fore an interplay between the cooperativity and imper-
fections in the heralded state which needs to be tuned to
achieve a given desired quality of the heralded state. For
instance, in the green-marked region in Fig. 4, the com-
bination of parameters (cooperativity and temperature)
is such that nhm <1.1, while the heralding probability is
still appreciable, between 10−3 and 10−2. Additionally,
even for small number of thermal magnons, imperfections
in the Fock state are expected according to the duration
of the write phase. Thermal effects can be minimized
by shorter write pulses, leading consequently to shorter
measurement times tm; however, the heralding probabil-
ity also decreases.
In the strong-coupling regime, the write pulse will
create a huge number of excitations unless its dura-
tion is TW  |G˜W|. On the other hand, for the read
phase, strong coupling allows coherent mapping between
magnons and photons. In the following we study the read
phase in both weak- and strong-coupling limits, while fix-
ing the cooperativity of the write phase at C˜W = 10−2,
in correspondence with the discussion in the last para-
graphs.
B. Read phase for weak coupling
The weak-coupling regime |G˜R| < κ implies C˜R =
|G˜R|2/κγ < κ/γ ∼ 102. To characterize the read phase
we use the zero-delay correlation function g(2)Read(0) given
by Eq. (23). Figure 5 shows the results for g(2)Read(0) for
a fixed cooperativity C˜W = C˜R = 10−2 as a function
of time during the read phase, and as a function of the
mean number of thermal magnons nTh. We have indi-
cated the line corresponding to g(2)Read(0) = 1 as a vi-
sual guide, marking the transition between antibunch-
ing (g(2)Read(0) < 1) to bunching (g
(2)
Read(0) > 1). This
transition depends on the magnon bath temperature, ex-
hibiting two distinct behaviors. For small temperatures,
the evolution from bunching to antibunching depends on
the magnon thermalization characteristic time 1/(nThγ),
which can be long for temperatures approaching zero.
For larger temperatures the transition to g(2)Read(0) > 1 is
faster and dominated by the photon’s decay rate. In this
last case, the magnon state is closer to a thermal state
rather than to a Fock state, and the bunching to anti-
bunching dynamics reflects the interaction of the photon
field with such a thermal magnon state. Therefore, an-
tibunching for such large magnon bath temperatures is
not a signal of successful heralding; see the red horizontal
line in Fig. 5. The inset shows the weak dependence of
g
(2)
Read(0) on the cooperativity of the read pulse C˜R. We
notice that a non trivial dependence on the cooperativity
appears for C˜R > 10−2 as a consequence of the increased
coupling that compensates the decay processes, similar
to the discussion in the last section referring to the write
phase.
C. Read phase for strong coupling
The reading protocol is limited by the strength of
the coupling between mode 2 and the heralded magnon.
The current experimental state of the art in cavity opto-
magnonics is that of systems in the weak-coupling regime
[6, 11, 14, 18]. This is, however, a very young field, and
it can be expected that the current values of the cou-
pling and cooperativities will be improved in next gener-
ation experiments. The strong-coupling regime is highly
appealing, since it is a prerequisite for many quantum
protocols. In our case, the strong-coupling regime for
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Figure 5: Second-order correlation function at zero delay
g
(2)
Read(0) of the read photon conditioned to the measurement
of a write photon. g(2)Read(0) is shown as a function of the mean
number of thermal magnons nTh and of the time in the read
phase (in units of 1/γ and t = 0 corresponds to the begin-
ning of the read phase) for C˜W = C˜R = 10−2. The black
dashed line marks the transition between antibunching and
bunching behaviors. The red line indicates the threshold for
which the number of heralded magnons nhm < 1.1. Below
this line antibunching of the correlation function indicates a
successful Fock state generation. Inset: g(2)Read(0) as a function
of log10(C˜R). Temporal settings as in the main text.
the read phase leads to Rabi oscillations between the
magnon and photon fields, allowing for coherent state
transfer [48, 49].
For high cooperativities, fast oscillations between read
photons and magnons take place. For the parameters
adopted in the last section, the damped oscillations be-
tween the mean number of read photons and the mean
number of magnons have oscillation periods of ∼ 10−8s,
as depicted in Fig. 6 for strong optomagnonic coupling
G˜R = κ ∼ 0.1 GHz, corresponding to a cooperativity
of C˜R ∼ 102. Although this cooperativity value is quite
large with respect to the state of the art in YIG-based
optomagnonics ( ∼ 10−7), in cold atoms cavity systems
the strong-coupling regime is attainable [27, 50, 51].
As shown in Fig. 7, the fast oscillations between
magnons and read photons are also visible in the sec-
ond order correlation function of the read mode. Anal-
ogously to the mean number of photons, the correlation
function rapidly oscillates in time, encoding the coherent
magnon-photon oscillations. These temporal oscillations
in the correlation function could be resolved either with
state of the art Hanbury-Brown and Twiss interferome-
ters (see, e.g, Refs. [24, 31]) or other devices; see, e.g.,
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Figure 6: Oscillations between read photons and magnons in
the strong-coupling regime. The plots depict the mean num-
ber of read photons (top) and the mean number of magnons
(bottom) as a function of the time during the read phase, for
a read cooperativity C˜R = 100, corresponding to G˜R ∼ κ.
The different curves correspond to different temperatures of
the magnon bath.
Ref. [52], where an interferometric setup is implemented
in a semiconductor-superconductor platform.
We emphasize that the interpretation of g(2)(0) as a
witness of successfully heralding a magnon Fock state de-
pends on the temperature of the magnon mode. From the
experimental point of view this requires knowledge of the
mean number of thermal magnons nTh. Other possible
witnesses could be cross-correlation functions involving
both the magnon and the photon mode, such as
g2m,2 =
〈aˆ†2mˆ†aˆ2mˆ〉AM
〈mˆ†mˆ〉AM〈aˆ†2aˆ2〉AM
.
These also have bounds which are violated by nonclassi-
cal states and can be measured with interferometric tech-
niques involving only the optical modes. This type of
cross-correlation function has been also used to witness
the generation of phonon Fock states [25], although they
suffer from the same limitations as g(2)(0). In a more
complex setup, in which the magnons are also strongly
coupled to a qubit in the dispersive regime, it is possible
to resolve the quanta of the magnon mode via a spectro-
scopic measurement of the qubit [9]. Although this setup
also requires small temperatures, it does not require the
precise knowledge of nTh.
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Figure 7: Second-order correlation function g(2)Read(0) of the
read photon mode in the strong-coupling regime. g(2)Read(0) is
plotted as a function of the time in the read phase and of the
logarithm of the read phase cooperativity log10(C˜R) [related
to the pumping parameter α1 see Eq. (9)] for nTh = 0.5.
The inset depicts the temporal evolution of the correlation
function for C˜R = 100 and for different temperatures of the
magnon bath. The oscillations indicate coherent Rabi oscil-
lations between photons and magnons.
D. Effects of the initial state and cooling
requirements
The initial state has a strong effect on the heralding
protocol. Figure 8 depicts g(2)Read(0) at t = 1/2γ after
the beginning of the read phase, as a function of the ini-
tial state mean number of magnons n0 and of the ther-
mal magnon number nTh. An active-cooling setup cor-
responds to the region above the black continuous line
for which n0 < nTh (note that n0 is the initial state for
the heralding protocol, after cooling). The inset shows
g
(2)
Read(0) at t = 1/2γ for an initial thermal state n0 = nth,
and the red line indicates the region for which the num-
ber of heralded magnons is nhm < 1.1. We notice that
even when the mean number of magnons in the state af-
ter the measurement is not close to one, it is possible
that g(2)Read(0) < 1. This is again due to the interaction
of the photon mode with a imperfect Fock magnon state,
which limits the bunching to antibunching transition by
the photon lifetime as in the plot of Fig. 5, and makes the
autocorrelation function of the photon field an unreliable
witness for the successfulness of the magnon heralding.
Since the initial state imposes tight constraints on the
magnon heralding, in particular having a strong influ-
ence on the mean number of magnons in the system after
the measurement of a write photon, we study the cool-
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Figure 8: Effects of the initial state on the autocorrelation
function g(2)Read(0) of the read photon, for an active-cooling
setup (region above the line n0 = nTh ) and for an initial
state in thermal equilibrium with the bath (inset). The red
line indicates the threshold for which nhm < 1.1. Results for
C˜W = C˜R = 10
−2, tm = 0.1/γ, and t = 1/2γ in the read
phase.
ing requirements to obtain a mean number of heralded
magnons nhm ≤ 1 + , where  is a tolerance margin with
respect to the ideal case nhm = 1. This is indirectly re-
lated to the fidelity of the heralded state with respect to
the perfect one-magnon Fock state (see Appendix E) and
sets a minimum value for the power of the cooling laser.
An initial state in the form of Eq. (19) with mean num-
ber of magnons n0 is obtained by actively cooling a ther-
mal state with mean number of magnons nTh. For such
a state, n0 (such that n0 < nTh) is given by the cooling
formula Eq. (20) and determined by nTh, γ/κ, and by
the cooling cooperativity CCooling = α2CC. The tolerance
margin  imposed on nhm translates into an upper limit
for n0, therefore imposing constraints on CCooling. Figure
9 shows nhm as a function of nTh and of log10(CCooling)
for an initial state obtained by active cooling. The shaded
area indicates the region for which nhm ≤ 1.1, corre-
sponding to a tolerance margin of  = 0.1. We see that
the tolerance margin may not be attainable depending
on the value of nTh for a given γ/κ. The smaller the ra-
tio γ/κ, the more n0 can be made closer to zero, so that
the same tolerance margin can be attained with smaller
cooperativities and for higher temperatures.
For the tolerance margin  = 0.1, taking γ/κ = 10−2
and a magnon mode frequency Ω ∼ 10 GHz, the maxi-
mum possible temperature Tmax in order to perform the
protocol without active cooling (i.e., for an initial state in
thermal equilibrium with the magnon bath, n0 = nTh) is
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Figure 9: Mean number of heralded magnons nhm (for tm =
0.1γ−1 ∼ 10−7 s) as a function of the logarithm of the cooling
cooperativity CCooling = α2C C and of the average number
of magnons in the thermal bath. The shaded area indicates
the region for which nhm ≤ 1.1, corresponding to a tolerance
margin of 0.1 with respect to the ideal case.
Tmax ∼ 25.38 mK, corresponding to nTh = 0.025. In that
case the fidelity of the heralded state to a one-magnon
Fock state is 0.943. Otherwise, for the same param-
eters but considering a bath at temperature Tbath =
{30, 20, 50} mK (nTh = {0.085, 0.174, 0.277}), the re-
quired cooling cooperativity for the same tolerance mar-
gin is CCooling & {0.191, 0.882, 2.317}, respectively. The
corresponding fidelities of the heralded state with respect
to the one-magnon Fock state are {0.943, 942, 0.941},
which are higher than the estimate fidelity of heralded
phonon states in optomechanics experiments ∼ 0.88 [25].
As already pointed out in Sec. V, these cooperativ-
ity values are quite large compared to current values in
YIG-based cavity optomagnonic systems. Improvement
in sample design can enhance the magnon-photon cooper-
ativities as to achieve the required values for the protocol
[6, 19]. Moreover, samples with better magnon linewidth
would require smaller cooperativites to achieve the same
tolerance margin. For the examples above but now con-
sidering γ/κ = 10−4, the necessary cooperativities are
& {0.175, 0.622, 1.142}. In the limit γ/κ = 0 any ther-
mal state can be cooled to its ground state.
VI. CONCLUSIONS
We proposed a magnon heralding protocol in a cav-
ity optomagnonics setup, in which the measurement
of one optical photon collapses an entangled magnon-
photon state to a single-magnon Fock state. Our starting
point was a linearized optomagnonic Hamiltonian with
an asymmetric coupling between one magnon mode and
two non-degenerate photon modes. This model is in cor-
respondence with recent experiments with YIG spheres
and takes into account specific selection rules involving
conservation of energy and angular momentum.
The linearized optomagnonic Hamiltonian includes res-
onances in the form of a two-mode parametric amplifier
(“write”) and beam-splitter (“read”) type interactions be-
tween the photon modes and the magnon mode. Consid-
ering an initial state close to the vacuum of the system,
the protocol is implemented by first driving the write
interaction, which generates pairs of correlated photon-
magnon states. The subsequent measurement of a “write”
photon collapses the state of the system to a single-
magnon Fock state, which can then be mapped to a
“read” photon mode by driving the beam-splitter inter-
action. The nonclassicality of the state can be certified
by measuring the autocorrelation of the photon field.
An important figure of merit in these systems is the co-
operativity, which measures the strength of the coupling
relative to the dissipation channels for magnons and pho-
tons. We showed that the heralding quantum protocol
for magnon Fock states can be realized with cooperativ-
ities of the order of 10−2 if the system is cooled to its
ground state. Although this requires an improvement
with respect to the state of the art cooperativity in solid
state optomagnonic systems, it is to be expected that new
generation experiments will reach this threshold [6, 19].
Provided cooperativities of this order can be achieved,
and considering magnonic and optical linewidths con-
sistent with current experiments (see appendix D for a
short analysis for different linewidth regimes) the ob-
tained heralding probability is in line with the ones re-
alized in recent optomechanical experiments [25, 29, 31].
Achieving the strong-coupling regime would moreover al-
low the conversion of the heralded state to a photon mode
by the read part of the protocol.
We showed that, whereas small deviations of the initial
state from the magnonic vacuum have a strong detrimen-
tal impact on the heralding protocol, this can be circum-
vented via actively cooling the system prior to the write
phase. Accordingly, we derived cooling requirements to
generate one-magnon Fock states with high fidelity.
In the main text of this manuscript we presented an
analytical analysis based in the solutions of quantum
Langevin equations for square light pulses. We have also
performed a numerical analysis taking into account more
realistic pulse shapes (in the form of Gaussian pulses),
which are presented in the appendix F. These numerical
results point to the same overall conclusions, with some
additional detrimental effects due to the larger timescales
involved.
The heralding protocol proposed here can be the basis
for implementing hybrid quantum information processing
schemes [21] with cavity optomagnonics. Moreover, such
heralding protocol could be used as the starting point to
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explore quantum mechanics with macroscopic systems,
since magnon Fock states are truly nonclassical states in-
volving a huge collection of solid state spins. Finally, the
selection rules of the optomagnonic coupling generates
polarization-dependent processes [11] that could be in-
terfaced with chiral circuits [53] to engineer devices such
as quantum isolators and circulators. The heralding pro-
tocol in such a setup would be a preparation step and the
overall function of the device would be similar to those
implemented in atomic systems [36, 54].
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Appendix A - Linearization of the optomagnonic
Hamiltonian
In order to describe the dynamics of the magnon-
photon system in the heralding protocol, we consider the
linearized version of the pumped optomagnonic Hamilto-
nian obtained by adding to Eq. (4) a driving term
Hˆtot = Hˆ + Hˆdriving, (24)
Hˆdriving = ii(aˆie
iωLt − aˆ†ie−iωLt),
where i = 1 or 2 indicates the pumped mode, ωL is the
laser frequency and i = ~
√
2κiPi
~ωL depends on the driving
laser power Pi and on the coupling between the mode and
the fiber κi.
Considering from now on the framework of the pa-
per, involving two photon modes and one magnon mode,
first the time dependence of the pumping term is elim-
inated through Hˆ → UˆHˆUˆ† − i~Uˆ ∂Uˆ†∂t , where Uˆ =
exp(−iωLt(aˆ†1aˆ1 + aˆ†2aˆ2)) as to have
Hˆ = −~∆1aˆ†1aˆ1 − ~∆2aˆ†2aˆ2
+ ~Ωmˆ†mˆ+ ~
(
G−12aˆ
†
1aˆ2 +G
−
21aˆ1aˆ
†
2
)
mˆ† + h.c.
+ ii(aˆ
†
i − aˆi). (25)
The Langevin equations for the operators of the photon
and the magnon modes are thus
daˆ1
dt
= i∆1aˆ1 − iG−12aˆ2mˆ† − i(G−21)∗aˆ2mˆ+ iδi,1 −
κ1
2
aˆ1,
daˆ2
dt
= i∆2aˆ2 − i(G−12)∗aˆ1mˆ− iG−21aˆ1mˆ† + iδi,2 −
κ2
2
aˆ2,
dmˆ
dt
= −iΩmˆ− iG−12aˆ†1aˆ2 − iG−21aˆ1aˆ†2 −
γ
2
mˆ.
The steady state values 〈 aˆi 〉 = αi and 〈mˆ〉 = β are thus
given by the set of nonlinear equations
(
i∆˜1 − κ˜1
2
)
α1 = −iδi,1,(
i∆˜2 − κ˜2
2
)
α2 = −iδi,2,
β = − i
(
α∗1α2G
−
12 −G−21α1α∗2
)
iΩ + γ/2
,
where, considering Ω κ1,2, γ,
∆˜i = ∆i +
Ω
(|G−12|2 − |G−21|2) |αj |2
Ω2 + γ2/4
, (i 6= j)
κ˜1 = κ1 +
γ
(|G−12|2 + |G−21|2) |α2|2
Ω2 + γ2/4
,
κ˜2 = κ2 −
γ
(|G−12|2 + |G−21|2) |α1|2
Ω2 + γ2/4
.
Since only the mode i = 1 or 2 is pumped, then αj = 0
if j 6= i, β = 0, and ∆˜P = ∆P and for the pumped mode
αi = − i
i∆i − κi/2 .
The linearized Hamiltonian is obtained by considering
fluctuations around such coherent state solutions through
the displacement aˆi → αi + aˆi, mˆ→ mˆ (since its steady-
state mean value is β = 0). Discarding nonlinear terms
one obtains
Hˆ = −
∑
i=1,2
~∆iaˆ†i aˆi + ~Ωmˆ
†mˆ
+~α∗1aˆ2
(
G+12mˆ+G
−
12mˆ
†)+ h.c.
+~α2aˆ†1
(
G+12mˆ+G
−
12mˆ
†)+ h.c. (26)
The interaction-picture version of this Hamiltonian is
Eq. (6), which we considered in our calculations.
Appendix B - Temporal evolution matrices and
cooling formula
The linear quantum Langevin equations describing the
temporal evolution of the field operators during the write
and read phases are straightforwardly solved. By writing
the Langevin equations for a given phase P = W, R as
[see Eq. (18)]
dAˆ
dt
= MP · Aˆ(t) + Nˆ(t),
we perform a basis transformation XP such that(
MP
)′
= (XP)
−1MPXP = diag{λP1 , λP2 , λP3 }. Thus the
components of the Langevin equations in such basis read
dAˆ′i
dt
= λPi Aˆ
′
i(t) + Nˆ
′
i(t),
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which can be integrated as to have
Aˆ′i(t) = e
λPi tAˆ′i(0) +
∫ t
0
dτ eλ
P
i (t−τ)Nˆ ′i(τ).
The solutions depicted in Eq. (17) are obtained by trans-
forming back to the original basis Aˆ(t) = XPAˆ′(t). The
the time evolution matrices UWrite(t) and URead(t) are
given by
UWrite(t) =
 e
−(κ+γ)t/4
FW
CW−
4iG˜W
FW
e−(κ+γ)t/4 sinh
[
tFW
4
]
0
− 4iG˜WFW e−(κ+γ)t/4 sinh
[
tFW
4
]
e−(κ+γ)t/4
FW
CW+ 0
0 0 e−κt/2
 ,
URead(t) =
 e
−κt/2 0 0
0 e
−(κ+γ)t/4
FR
CR+ − 4iG˜RFR sinh
(
tFR
4
)
0 − 4iG˜RFR sinh
(
tFR
4
)
e−(κ+γ)t/4
FR
CR−
 ,
with
FW =
√
(κ− γ)2 + 16G˜2W, FR =
√
(κ− γ)2 − 16G˜2R,
CW± = FW cosh
(
FWt
4
)
± (κ− γ) sinh
(
FWt
4
)
, CR± = FR cosh
(
tFR
4
)
± (κ− γ) sinh
(
tFR
4
)
.
One immediate application of this formalism is to
study cooling in this simplified linearized regime. For an
initial thermal state with nth mean number of magnons
ρ(0) = |0〉〈0|1 ⊗ |0〉〈0|2 ⊗ ρTh,m,
ρTh,m =
1
1 + nTh
∑
n≥0
[
nTh
1 + nTh
]n
|n〉〈n|,
the temporal evolution under the read Hamiltonian will
transform this state into another thermal state. The
mean number of magnons 〈mˆ†mˆ〉 has temporal evolution
given by
〈mˆ†mˆ〉(t) = (UReadi2 (t))∗ URead2j (t)〈Aˆ†i (0)Aˆj(0)〉
+
∫ t
0
dτ1dτ2(
(
UReadi2 (t− τ1)
)∗
URead2j (t− τ2)
×〈Nˆ†i (τ1)Nˆj(τ2)〉) .
Using the expectation values for the initial state and for
the noise operators given in Eqs. (12) and (14),
〈mˆ†mˆ〉(t) = |URead22 (t)|2nTh + |URead12 (t)|2
+
∫ t
0
dτ
[|URead12 (t− τ)|2 + |URead22 (t− τ)|2nTh] .
In the limit t→∞ this gives the steady state value (for
C˜R = G˜
2
R/κγ)
〈mˆ†mˆ〉(t→∞) = γnTh
(κ+ γ)
(
1 +
κ
γ(1 + 4C˜R)
)
,
which is the formula for n0 presented in Eq. (20) in the
main text. For γ  κ and for G˜R/κ 1 this expression
is equivalent to the one derived in Ref. [43], not taking
into account a possible heating channel. On the other
hand, for strong coupling 4C˜R  1, the above expression
is equivalent to the one used in Ref. [23] and derived in
Ref. [44], not taking into account quantum backaction.
Appendix C - Dependence of the heralding
probability on the magnon temperature
The weak dependence of the heralding probability on
the temperature is a consequence of the interplay be-
tween the optomagnonic coupling and the thermalization
process. For instance, the heralding probability given by
Eq. (21), depends quadratically on the magnon bath tem-
perature through 1 − nTh. The coefficient of 1 − nTh is
given by
ATh =
8γG˜WF(t)
FW(κ+ γ)[(κ+ γ)2 − F 2W]
,
while the other term, which is ∝ 1 + n0, has coefficient
A0 =
8G˜We
−κ+γ2 t
FW
sinh2
(
t
4
FW
)
.
Asides from the multiplicative factor 8G˜W/FW common
to both A0 and ATh, A0 is governed by the timescale
13
τ =
[
(κ+γ)±FW
2
]−1
, whereas ATh contains, through F(t),
terms proportional to FW and F 2W which in turn depend
on the enhanced coupling G˜W. Since we are working in a
regime in which G˜W/κ is small and C˜W < 1/4, the non-
trivial dependence of ATh on the coupling is weak and, for
t < τ , A0 > ATh. As the considered timescale increases,
the contribution of ATh to the heralding probability also
increases, and for t τ
ATh → 4γG˜
2
W
(κ+ γ)(κγ − 4G˜2W)
while A0 → 0. We emphasize that Eq. (21) is approxi-
mate, and therefore fails in some limits. For instance for
CW = 1/4 it exhibits an indeterminacy which is elim-
inated by considering all higher order terms. Also for
stronger couplings, high-order terms are more relevant
and need to be taken into account.
Appendix D - Different linewidth regimes
The optomagnonic coupling depends on the overlap be-
tween the magnon mode function m(r) and the electric-
field mode E(r) [see Eq. 5]. For spherical YIG samples
used in current optomagnonic experiments, this overlap is
small. As pointed out in the main text, coherent magnon-
photon oscillations can be driven by the read Hamilto-
nian in the strong coupling limit. One way to achieve
such regime is by designing structures that would opti-
mize the coupling. Therefore, in next generation exper-
iments γ/κ can be different than the value used in the
main text.
In order to analyze the impact of different ratios γ/κ
on the heralding protocol we plot in Fig. 10 the mean
number of magnons after the measurement of a write
photon (upper plot) for different bath temperatures and
at a fixed measurement time tm = 10κ−1 ∼ 10−7s, to-
gether with the second order correlation function of the
read mode (bottom plot) for t = 50κ−1 ∼ 0.5µs after
the beginning of the read phase. These time scales are in
correspondence with those used in Figs. 4 and 8. The co-
operativity is also fixed to C˜ = C˜W = C˜R = 10−2. From
the plots we see that magnon decoherence is negligible
for the heralded state for γ . 10−3κ. In this case the
influence of the magnon thermal bath on the system’s
dynamics is negligible for the time scales considered. On
the other hand, for γ/κ > 10−1 there is a maximum in
the mean magnon number, associated to larger environ-
ment influences. The read mode correlation function is
bunched for γ & 10−3κ. The smaller the temperature
of the magnon bath, the more robust is the antibunched
character of the correlation function with respect to the
magnon thermalization process, as was also depicted in
Fig. 5.
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Figure 10: Influence of γ/κ on the heralding protocol. The
mean magnon number after the measurement of a photon
(upper plot) does not depend on the magnon linewidth for
γ . 10−3κ. In this case, thermal effects on the magnon mode
can be disregarded. The second-order correlation function for
the read mode (bottom plot for t = 50κ−1 ∼ 0.5µs after the
beginning of the read pulse) is robust to magnon thermal-
ization for smaller bath temperatures, in accordance with the
discussion presented in Fig. 5. For these plots we fixed the co-
operativity C˜ = C˜W = C˜R = 10−2, the time of measurement
of a write photon tm = 10κ−1 ∼ 10−7s, and the duration of
the off phase Toff = 10−2κ−1 ∼ 10−10s.
Appendix V - Fidelity of the heralded state
A complementary analysis of the impact of the initial
state on the heralding protocol can be done by consid-
ering the fidelity of the generated state with respect to
a single-magnon Fock state. The fidelity between two
states ρ and σ is given by
F [ρ, σ] = Tr
[√
ρ1/2σρ1/2
]
,
which can be used as a quantifier of the similarity be-
tween the two quantum states [55].
In order to calculate the fidelity of the magnon state
after the measurement of a photon, we solve the master
equation describing the joint dynamics of the magnon-
photon system under the write Hamiltonian
dρ
dt
=
1
i~
[ρ, HˆW,1] + κ1Daˆ1 [ρ] + κ2Daˆ2 [ρ] (27)
+γnthDmˆ† [ρ] + γ(nth + 1)Dmˆ[ρ],
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Figure 11: Fidelity of the heralded magnon state with respect
to a single magnon state as function of the initial number of
magnons n0 for both an active cooling setup (top plot) and for
an initial state in thermal equilibrium with its bath (bottom
plot). High fidelities are achieved for small initial number of
magnons, prepared through an efficient cooling setup. For
this plot we used C˜W = 10−2, γ/κ = 10−2, and TW = tm =
0.1/γ ∼ 10−7 s.
where DJˆ [ρ] = 2Jˆ†ρJˆ − Jˆ†Jˆρ − ρJˆ†Jˆ , using the python
QuTiP package [56, 57]. We consider the time scales and
parameters according with the analysis presented in the
main text, and the initial state given by Eq. (19). After
the temporally evolved density matrix ρ(t) is obtained,
the measurement of a write photon is described as
ρ(t)→ ρAM(t) = aˆ1ρ(t)aˆ
†
1
tr
[
aˆ1ρ(t)aˆ
†
1
] ,
through which the reduced density matrix of the magnon
subspace can be obtained by tracing out the photon
spaces ρmAM = tr1,2 [ρAM(t)]. Finally we compute the
fidelity between ρmAM and a single-magnon Fock state
|1〉〈1|.
The results are depicted in Fig. 11 for an active cool-
ing setup n0 < nTh (top plot) and for an initial state
in equilibrium with the thermal bath n0 = nTh (bottom
plot). The overall dependence of the fidelity with the
initial number of magnons is exponential: the more the
magnons are in the initial state, the less the heralded
state will be closer to a one-magnon Fock state. Good fi-
delities are obtained for small initial number of magnons,
which can be achieved through an efficient cooling setup.
Following this procedure to calculate the fidelity, we
obtained the numbers presented in the last paragraph of
Sec. V.
Appendix VI - Gaussian Shaped Pulses
We can describe the heralding protocol for a setup
in which the pulses are not square shaped, but have a
more realistic temporal dependence. We adopt a model
in which the complete Hamiltonian (in the interaction
picture) of the heralding protocol can be written as
HˆHeralding = W(t)HˆW,1 + R(t)HˆR,2,
where W,R(t) are functions modeling the temporal shape
of the write and read pulses. In particular, we consider
in the following Gaussian shaped pulses
W,R(t) =
1√
2pi
exp
[
− (t− tW,R)
2
2σW,R
]
,
where tW,R are the times corresponding to the maximum
intensity of the pumping laser with temporal width σW,R.
The evolution of the system’s density matrix is given by
the master equation
dρ
dt
=
1
i~
[ρ, HˆHeralding] + κ1Daˆ1 [ρ] + κ2Daˆ2 [ρ] (28)
+γnthDmˆ† [ρ] + γ(nth + 1)Dmˆ[ρ],
where DJˆ [ρ] = 2Jˆ†ρJˆ − Jˆ†Jˆρ − ρJˆ†Jˆ , which we solved
numerically with the python package QuTiP [56, 57].
For this scenario, we assume that a write photon is
measured at the time corresponding to the maximum
probability of measuring a write photon. In order to
compare our results with the ones presented in the main
text, we set tW = 10−7 s while the write pulse width is
fixed as σW = tW, such that the total area of this Gaus-
sian pulse is similar to the area of the rectangular pulse
considered in the main text. The Gaussian pulse scheme
is depicted in Fig. 12.
The results for Gaussian pulses are consistent with the
analysis shown in the main text for square pulses. For
an initial vacuum state, both the probability of measur-
ing one write photon, and the mean number of magnons
after the measurement (see Fig. 13), exhibit the same
behavior as the results shown in Fig. 4. Nevertheless,
the probability of measuring one write photon is smaller
than in the square pulse case, and detrimental thermal
effects are stronger as it is reflected in the mean number
of magnons after the measurement.
The effects of the initial state in this setup are summa-
rized in Fig. 14. The fidelity of the heralded state with re-
spect to a single magnon Fock state decays exponentially
with the initial mean number of magnons, as the corre-
sponding case studied in the Appendix C. Here, however,
the effects of the initial state are stronger, since the fi-
delity of the heralded state is smaller compared with the
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Figure 12: Representation of the scheme involving Gaussian
pulses. Both write and read interactions are shaped by Gaus-
sian functions centered around tW and tR, respectively, and
have widths σW,R. The dotted Gaussian curve corresponds
to the typical behavior of the probability of measuring one
write photon as a function of time. We assume that a photon
is measured at the instance corresponding to the maximum
probability, as indicated in the figure.
Cooperativity
10 4 10 3 10 2 10 1
1
1.1
1.2
1.3
1.4
1.5
10 3
10 2
10 1
1
nTh = 0.01
nTh = 0.5
nTh = 1.5
nTh = 2.5
M
ag
no
n 
m
ea
n 
nu
m
be
r 
He
ra
ld
ing
 p
ro
ba
bi
lity
Write mode: magnon heralding
Figure 13: Probability of measuring one write photon (top)
and mean number of magnons after the measurement of one
write photon (bottom) as a function of the write cooperativity
for the Gaussian-pulse setup depicted in Fig. 12. For this plot
the initial state is the vacuum of the system.
corresponding case in Fig. 11. Such detrimental effects
are also exhibited by the second-order correlation func-
tion of the read photon mode, which becomes bunched
faster as a function of the number of magnons in the
initial state.
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Figure 14: Fidelity with respect to a single-magnon Fock state
after the measurement of one write photon (top) and second-
order correlation function of the read mode (bottom) as a
function of the mean number of magnons in the initial state.
The detrimental effects are stronger than in the case con-
sidered in the main text; the fidelity of the heralded state is
smaller than the one obtained with the simplified square pulse
analysis (see Fig. 11). The second-order correlation function,
here calculated at t = 4.3tW from the beginning of the pro-
tocol (according with the time scales of Fig. 12), exhibits the
same behavior depicted in Fig. 8 but, in this case, the read
photon can be bunched even for small n0.
The detrimental effects in the Gaussian-pulse scheme,
as depicted in Fig. 14, restrict further the cooling pa-
rameters. Apart from cooling the system, such effects
can be minimized by reducing the temporal widths of the
Gaussian pulses, at the expense of reducing the proba-
bility of heralding the state. In general lines the analysis
presented in the text agrees qualitatively well with the
numerical study of this appendix.
Although presented here as an illustration of more re-
alistic laser pulses, tailoring the temporal dependence of
the photon pulses can be used, for instance, to prepare
nonclassical states by heralding in a setup in which the
shape of the pulses "print" the heralded state in a very
robust and versatile way [58].
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